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Synthetic non-Abelian gauge fields in cold atom systems produce a generalized Rashba spin-orbit 
interaction described by a vector A — Ay, Az) that influences the motion of spin-| fermions. It 
was recently shown [Phys. Rev. B 84, 014512 (2011)] that on increasing the strength of the spin- 
orbit coupling A = jAj, a system of fermions at a flnite density p ~ kp evolves to a BEC hke state 
even in the presence of a weak attractive interaction (described by a scattering length a^). The 
BEC obtained at large spin-orbit coupling (A S> A:f) is a condensate of rashbons - novel bosonic 
bound pairs of fermions whose properties are determined solely by the gauge field. In this paper, 
we investigate the collective excitations of such superfluids by constructing a Gaussian theory using 
functional integral methods. We derive explicit expressions for superfiuid phase stiffness, sound 
speed and mass of the Anderson-Higgs boson that are valid for any A and scattering length. We find 
that at finite A, the phase stiffness is always lower than that set by the density of particles, consistent 
with earlier work[arXiv:1110.3565] which attributed this to the lack of Galilean invariance of the 
system at finite A. We show that there is an emergent Galilean invariance at large A, and the phase 
stiffness is determined by the rashbon density and mass, consistent with Leggett's theorem. We 
further demonstrate that the rashbon BEC state is a superfiuid of anisotropic rashbons interacting 
via a contact interaction characterized by a rashbon-rashbon scattering length or. We show that 
an goes as A~^ and is essentially independent of the scattering length between the fermions as long 
as it is nonzero. Analytical results are presented for a rashbon BEC obtained in a spherical gauge 
field with Xx — \y — Xz = 
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I. INTRODUCTION 

The simulation of quantum condensed matter 
system^"^ with cold atoms has captivated the imagi- 
nation and efforts of many. Some of the most recent 
new developments include the generation^ * of synthetic 
gauge fields in boson^sEU ^j^j realization of fermionic de- 
generacy in their presence.'i^ 

Uniform non-Abelian gauge fields produce spin-orbit 
interactions. The physics of bosons in spin-orbit cou- 
pled system has been investigated by many authors .li^ltl^ 
The rich physics hidden in the fermion problem was re- 
vealed by the solution of the two-body problem given in 
ref. [16) . where it was shown that for certain high sym- 
metry gauge fields, a bound state appears even for an 
infinitesimal attraction in the singlet channel. The key 
outcome of this is that a BCS-BEC crossover is induced 
by increasing the strength of the gauge field even with a 
weak attractive interaction.-'^^ The BEC that is realized 
was shown to be a condensate of a new type of boson - 
the rashbon ~ whose properties are determined solely by 
the gauge field and not by the scattering length charac- 
terizing the interaction between the fermions. This BEC 
realized at large gauge coupling is called the rashbon- 
BEC (RBEC). Concurrently, anisotropic superfluidity of 
rashbonJ^, zero-tempera ture B CS-BEC crossover in the 
presence of Zeeman field^^^HS! (imbalance) was s tudied, 
and transition temperatures wer e esti matecP^^^. Dres- 
selhaus like spin-orbit interactiorP^ISll has also been ex- 



amined. Non-Abelian gauge fields in lower dimensions 
and lattices have also been investigated.t^SMH ^ review 
of these fast paced recent developments may be found 
in ref. .28| . Several aspects of the ph ysics of spin-orbit 
coupled fermions were reported earliep^^ESl and were in - 
dependently discovered in the cold atoms context .^i^EIl 

The motivating questions for this work pertain to the 
properties of the RBEC that is obtained at large gauge 
coupling at a fixed scattering length Og. In the usual 
BCS-BEC crossoveiESIlI] ^ ^[^g absence of spin-orbit in- 
teraction, the BEC state for small positive scattering 
length as is a condensate of bosons (fermionic dimer 
molecules). This BEC state can be described by the Bo- 
goliubov theory of interacting boson^^H^ where the boson 
mass is twice the fermion mass and the effe ctive boson- 
boson scattering length is proportional to Os .^333 Does a 
similar description hold for the RBEC obtained by tuning 
the magnitude of the gauge coupling? How does rashbon- 
rashbon scattering enter the description, i. e., what is the 
effective rashbon-rashbon scattering length? 

That collective excitations have interesting and un- 
usual features was pointed out in ref. [38] which studied 
phase stiffness if" (superfiuid density) for an extreme- 
oblate gauge field (see below for a definition). In the 
regime X kp, the K'^ decreases with increasing gauge 
coupling. However, for A > fcp, K'^ increases and satu- 
rates as X/kp attains large values. For all A, is less 
than p/Am, the value of phase stiffness for a superfiuid 
without the spin-orbit interaction, where p the density 
and m is the mass of the fermions. This is attributecP^to 
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the lack of Galilean invariance in systems with synthetic 
non-Abelian gauge fields (see also, ref. [39]). While this is 
true, we conjecture that Galilean will be approximately 
restored in the system for X ^ kp when an attractive 
interaction, however weak, is present. The basis of this 
conjecture stems from the fact that at large A the sys- 
tem with even a weak attraction can be thought of as 
a collection of rashbons which disperse quadraticallj^'^, 

2 

£r{q) — + albeit with an anisotropic dis- 

persion defined by the direction dependent rashbon mass 
mf" and is the rashbon binding energy, a result that 
is valid for |qr| <c A. This dispersion is Galilean invari- 
ant, and therefore we expect to obtain a phase stiffness 
tensor Kf^ — ^5ij (no sum on z), where pR — p/2 is 

the rashbon density, consistent with Leggett's resultP^'^. 
Testing this conjecture regarding emergent Galilean in- 
variance and answering the questions raised in the pre- 
vious paragraph are the aims of this paper. 

To this end, we investigate the collective excitations 
of superfluids induced by non-Abelian gauge fields using 
a Gaussian fluctuations theory with a functional integral 
framework. Our main result is that the rashbon BEG can 
be described as a collection of weakly interacting rash- 
bons. We obtain an effective rashbon-rashbon scattering 
length which we show is generically proportional to A~^, 
and is independent of the scattering length between the 
fermions to leading order. In addition, we show that 
the phase stiffness has precisely the form as conjectured 
above. The RBEC state is a remarkable state where the 
effective interaction between the emergent bosons (rash- 
bons) is determined by the kinetic energy (spin-orbit cou- 
pling A) of the constituent fermions, and not the attrac- 
tion between the fermions as long as it is non-vanishing. 
Our theory also provides the phase stiffness, speed of 
sound and the mass of the Anderson-Higgs boson for any 
gauge coupling. 

Sec. [TI| outlines the functional integral framework used 
in the analysis of the collective excitations and obtains 
general formulae for the phase stiffness, sound speed and 
Anderson-Higgs mass for a generic Rashba like spin-orbit 
coupled system. Results for a spherical gauge field are 
discussed in sec. 



Ill and sec. 



the properties of rashbon BEGs 
rized in sec. IVl 
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II. FORMULATION 

We fo llow closely the notation and terminology intro- 
duced i d^^ l ^^ l The Hamiltonian of the system of interest 
is made up of two pieces 

H^UR + Uy. (1) 

The kinetic energy of the spin-^ fermions is 

'HR = Y,eo.{k)Cl^Cuc. (2) 



where, Cs and C^s are fermion operators. 



(3) 



a = ±1 is the helicity, k\ = Aj 
The "vector" A = {\x,\,Xz) 



XX describes the con- 
figuration of the gauge field that induces a generalized 
Rashba spin-orbit interaction, where A = |A| is the 
magnitude of the gauge coupling and A is a unit vec- 
tor. High symmetry gauge field configurations of in- 
terest include the extreme oblate (EO) gauge field with 

A = A (^^, ^^'^ spherical (S) gauge field which 

has = ■ We use units where the fermion 

mass m and h are unity. We consider a finite density of 
fermions p which defines a momentum scale kp such that 

J,3 f.2 

p — and an energy scale Ep — 

The interaction piece describes an attraction in the 
singlet channel as 



(2+fc)t'-'(-? 



(4) 



q.h.h' 



where 51 is the volume of the system, v is the bare in- 
teraction parameter. The theory requires an ultraviolet 
cutoff A which can be eliminated by using = - -I- A. 
Using mean-field theory, it was shown in ref. [17| that 
increasing A induces a BGS to BEG crossover even for 
a weak attractive interaction (|fci?as| ^ l,as < 0). We 
aim to study the collective excitations of such superfiuids 
across this crossover. 

To this end we use a functional integral framework 
which has bee n ext ensively used in the study of BGS- 
BEG crossover .I^SEllBIl Denoting inverse temperature as 
(3 and chemical potential as /i, we write the action 

k ' q 

(5) 



where 



*(fc) = 




(6) 



is a Nambu vector consisting of Grassmann variables 
describing the fermions, k = (ikn,k) where ikn is a 
fermionic Matsubara frequency, 

/ ik„ - C+(fe) \ 

1, jfc„+C+(fe) 

'^0 I- \ ife„-e_(fc) 

V ifc„ + i-{k) J 

(7) 

£,a{k) — Sa{k) — p, and 

S^{q) = E + - ^) (8) 

k,a}3 
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is the Fourier transform of the singlet density with q = 
(iqi, q), iqi is a bosonic Matsubara frequency. Aap{q, k) 
is the singlet amplitude in a two particle state of a and /3 
hclicities, with centre of mass momentum q and relative 
momentum k. It must be noted that Aap[q,k) satisfy 
many symmetry properties which are used extensively in 
the work that follows. Moreover, care must be exercised 
in the definition of Aaj3{q, k) due to the non-zero Chern 
flux originating from the origin of the momentum space 
(see ref. [46]). 

We now introduce a Hubbard-Stratanovich pair field 
A (5) to decouple the interaction term to obtain 

A] - ^ ^*{k){-~G-\k, fc'))*(fc')-- ^ A*(g)A(g) 
^ — ' V ^ — ' 

(9) 



k,k' 



where G (k, k') is 



G-i(fc, k') = Go{k, k') - A{k, k'), 



(10) 



A(fe, fc') . 



with 



/ A + +(fc,fc') A+_(fe,fe')\ 

A + + (fc,fc') A+_(fe,fc') 

A_ + (fc,fc') A__(fc,fc') 

\ A_ + (fc,fc') A__(fe,fe') / 

(11) 



A^^ik, k') = Yl tM^"^^^' ^ ~ l)Kk->^' (12) 
A„^(A:, k') = J2 ^71ir^^"(-'?' - f (13) 

q V 

We integrate out the fermions to obtain the action only 
in terms of the pairing field 

5[A] VA*(g)A(g)-lndet[-G] (14) 



We now perform a saddle point analysis of the action 
and look for static and homogeneous solutions via the 
ansatz 



AsP(g) = v^V2Ao(5,,o (15) 
where the factor of \/2 is introduced for convenience. 



With this ansatz for the saddle point, the Green's func- 
tion G{k, k') is 



G{k,k') 



where 



/ Glik) Glik) 
--G%{k) GX{k) 



\ 



V 



GUk) 






GP(fc) G^(fc) 

-G''_{k) G^{k) J 



Jk,k' 



ikn + S,a{k) 



{ikn 


'-Em 


ik^ 




[ikn 


'-Em 






[ikn 


'-Em 



(16) 

(17) 
(18) 
(19) 



with Ea{k) = \/£,a{kY + Aq. The saddle point condi- 
tion, after appropriate frequency sums, is 



1 

V 



^ tanh '^^"'■'"^ 



2Vt ^ 

hot 



2Em 



(20) 



and agrees with the gap equation derived in ref. ^] and 
I22j . The saddle point number equation is 



-y 



2n 



ha. 



Em 



(21) 



The values of Aq and are set by the simultaneous so- 
lution of eqn. (20) and eqn. (21). 



Collective excitations of the system are described by 
fluctuations about the saddle point state. We treat 
them at Gaussian level by introducing "small oscilla- 
tions" about the saddle point value of the pairing field. 



A(g) = A«P(g)+r^(g) 



(22) 



After some straightforward, if lengthy, algebra, the action 
to quadratic order in rj is 



where 



q ^ 



(23) 



Tt(n\ - I llii('?) HiaC?) 

' I n2i(g) n22(g) 

nn(g) = n22(-g) = + ^ E l^"'3('?' k)fGUiqi + ^fcn, I + fe)G;^(ifc„, -| + fe) 
ni2(g) = n2i(g) = J2 k)\^Gl{iqe + ik^, | + fc)G^(ifc„, -| + fe) = ni2(-g) = n2i(- 



(24) 



Collective excitations of a superfluid can be conve- dent phase and amplitude oscillations. We, therefore, 
niently described in terms of spatio-temporally depen- express r] in terms of two other real fields C (amplitude 



4 



fluctuation) and cj) (phase fluctuation) as 

ry(q) = Ao(C(g) + »0(g)) (25) 
{q). The action in 



with Ci-q) = C*('7) and 0(-(7) = 
terms of these two fields is 



(26) 



We have not shown the expression for Vij since it wih not 
be used in the discussion below. 

The dispersion of the excitations can be obtained by 
first analytically continuing ig^ — > w"*" to real frequencies 
and solving detr(a;+,q) = 0. We obtain two modes for 
a given q = qq, one is a gapless sound mode and other 
is the gapped Anderson-Higgs mode. The speed of sound 
along direction q is given by 



where, using eqn. (24 1, we find 



_ ( r«(g) VcM 



rcc(g) = A2 (nn(g) + nn(-<z) + 2ni2(g)) 
rc^(g) = (nn(9) - nu(-g)) = -r^c(9) 

r^^(g) = (nn(g) + nn(-q) - 2ni2(g)) 



(27) 

(28) 
(29) 
(30) 



We now preform the necessary frequency sums to obtain 
expressions for the Fs. Here and henceforth in this paper, 
we focus at zero temperature (T — 0) and "small" 9, 
and do not show the lengthy expressions valid for any 
temperature and q. For small g at T = 0, we have, 

r^^(»g^, q) - q^Kt,q, - z{iq,f (31) 

Tc_^{iqi,q) = -iqiX (32) 
^Cdm. q)^U + q.V^jqj - W{iqpf (33) 

where the quantities K'^ , Z, X, [/, V, W depend on the 
saddle point values of Ag and /i. Kfj is the phase stiffness 
given by 



2A| 



E 
E 



v°'{k)vf{k) 



je+jk) - e^{k)f 
2E+{k)E_{k){E+{k) + E_{k)) ' 

(34) 



'^^ff^, and Sij{k) is a tensor that defines 
the singlet amplitude A^i (q, k) for small q as 



where v°'{k) 



\A+^{q,k)\^ - |A-+(g,fe)|2 « q,S,,ik)q,. 



(35) 



It must be noted that extensive use of the properties of 
Aaj3{q,k) is made in arriving at this expression for the 
phase stiffness tensor that is valid for any gauge field. 
The other quantities in eqn. (|31|), 



Z = 



X 



U 



W ^ 



2ilj^AEl{k) 
2n ^ 2El{k) 



A 

m 



-T 



1 



(36) 



^lik) 



^-I^E 



217^4iJ^(fe)- 



c?(9) 



QiK-jqj 



Z + 



X2 



(37) 



and the mass of the Anderson-Higgs mode Mah is ob- 
tained as 



M' 



AH 



ZU + X'^ 

zw 



(38) 



It must be noted that the amplitude and phase modes are 
coupled-^; their coupling is determined by the quantity 
X. 

Equations [34j [37| and [38] are the key results of this 
paper for the collective excitations of spin-orbit coupled 
superfluids that are applicable to any Rashba gauge field 
and scattering length at zero temperature. We have not 
shown the finite temperature results here to avoid lengthy 
expressions. In the remainder of the paper, we illustrate 
the physics of these formulae using the spherical gauge 
field (next section) and explore the consequences of our 
results particularly for the rashbon-BEC (sec. IV). 



III. 



COLLECTIVE EXCITATIONS FOR THE 
SPHERICAL GAUGE FIELD 



In this section we discuss collective excitations of su- 
perfluids realized in a spherical gauge field with A = 

A as noted earlier. The two body prob- 

lem for this gauge field was exhaustively investigated in 
ref. |16j where an analytical expression for the binding 
energy valid for any scattering length is derived along 
with an analytical expression for the bound state wave 
function. The binding energy of the rashborfl^ is 



E' 



A2 
3 



(39) 



and the rashbon mass (in units of fermion mass) i; 



TO«= ^(4-f V^) 



(40) 



A route to experimental realization of this gauge field has 
recently been suggested.!^ A detailed study of two-body 
scattering from a finite range box potential is carried out 
in ref. EEI. 
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A. Analytical Results 

Analytical results can be obtained in two regimes of 
A. These correspond to A <C /cf, and the other to A ^ 
max {kp, l/fls). 



1. A < A;f 

Two regimes of Us are tractable analytically for this 
regime of A, both of which are well known; we state them 
here for the sake of completion. 

I. Os < 0, IfcFflsl ^ 1: This regime is studied in detail in 
ref. |17j . The chemical potential in this regime is set by 
the value of the noninteracting system (which falls by an 
amount proportional to ^). The gap Aq is essentially 

unaltered from the well known BCS value. Under these 
conditions, we obtain the phase stiffness to be | with a 

X 2 

fall of order ^ . The leading term in the speed of sound is 

K p 

kp I a/S as shown by Andersor!^ (with a fall proportional 
to X^/kp) and the Anderson-Higgs mass is exponentially 
small. This limit corresponds essentially to the BCS limit 
studied in ref. [H]. 

IL Us > 0, kpcis ^ 1: This corresponds to the usual 
EEC regime (ref. [37] and |32] ) ■ Here the chemical po- 
tential /i — + lirasP and the gap Aq — The 

phase stiffness K'^ — ^, speed of sound is = ^npas, 
the Mah = In this regime, the amplitude and the 
phase modes are strongly mixed. 



1 



2. A > fcF and A > ^ 

This is the regime of interest and corresponds to the 
rashbon BEC. In this regime, we report new results for 
the gap 



^0 



2tt a 
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FIG. 1. (color online) Phase stiffness - Evolution of phase 
stiffness K" with increasing A for the spherical gauge field for 
various scattering lengths. Kg — p/4. The inset shows that 
K" /Ko tends to for large A demonstrating the emergent 

Galilean invariance. The dashed vertical line corresponds to 
A = At where there is a change in the topology of the Fermi 
surface of the non-interacting system.!^ 



and 



Mah = 



(45) 



and the chemical potential 



As expected, the leading terms for all the quantities of in- 
terest are independent of the scattering length between the 
fermions; scattering length corrections (which we do not 
show) appear as powers of (l/Acs), which in this regime 
are small. We emphasize that in this RBEC regime the 
amplitude and the phase mode are strongly coupled, just 
like in the usual BEC regime. 



B. Numerical Results 

In this section we show the results of numerical calcu- 
lations of evolution of K'^, Cs and Mah with increasing 
A for several scattering lengths. 



^/3 



By an analysis of the expression for the phase stiffness 
(eqn. (34|) which is isotropic for this gauge field, we find 
that 



2rn^ 



(43) 



precisely as conjectured in the introductory section (see 
below for further discussion). Additional analysis pro- 
vides 



cl = 



(42) 1, Superflmd Phase Stiffness 

Fig. [1] shows a plot of the phase stiffness as a func- 
tion of A for various scattering lengths. We see that 
for small negative scattering lengths, the behaviour of 
i^T" is non-monotonic; it decreases with increasing A and 
attains a minimum near A > At- This is fully con- 
sistent with the finding of ref. [SB, for the EO gauge 
field. The new aspect uncovered in our work is that for 
A ^ max (kp, l/os), the phase stiffness tends to that of a 
collection of interacting rashbons in exactly same way as 
the motivating conjecture of this paper. In other words, 
(44) K''(X — >■ 00) = where = p/2 is the rashbon num- 
ber density. The physics behind this is that the rashbon 



FIG. 2. (color online) Sound speed - Evolution of the sound 
speed Cs with increasing A for the spherical gauge field for 
various scattering lengths. The inset shows that has the 
behaviour obtained in eqn. ( |44[ ), independent of the scattering 
length. The dashed vertical line corresponds to A = At where 
there is a change in the topology of the Fermi surface of the 
non-interacting system. 



FIG. 3. (color online) Mass of the Anderson-Higgs boson 

- Evolution of mass of the Anderson-Higgs boson Mah with 
increasing A for the spherical gauge field for various scattering 
lengths is shown in Fig. [3] The inset shows that Mah goes 
as A^, independent of the scattering length (eqn. (45 1). The 
dashed vertical line corresponds to A = At where there is 
a change in the topology of the Fermi surface of the non- 
interacting system. 



dispersion £R{q) — ~^^+ 2^p?" is Galilean invariant, and 
hence the phase stiff ness a s found at A — oo is consistent 
with Leggett's resullP^'^. This is a remarkable feature, 
and corresponds to an emergent infrared symmetry, i. e., 
in the presence of interactions however small, the system 
organizes itself to posses a larger symmetry at low ener- 
gies! A important point that can be inferred is that the 
nonzero phase stiffness implies that rashbons are inter- 
acting bosons. The nature of the interaction is uncovered 
in the next section. 



2. Sound Speed 

The variation of the sound speed with increasing A is 
shown in fig.|2] We see that there is a monotonic decrease 
in the sound speed with increasing A for all scattering 
lengths. At large A, the sound speed is inversely pro- 
portional to A as obtained analytically (see eqn. (44 1). 



Again, that there is sound propagation in the medium 
suggests the presence of interactions between the rash- 
bons. 



3. Mass of the Anderson-Higgs boson 

For small gauge coupling (A ^ fcj? ) AIah corresponds 
to the gap of the amplitude mode for small negative scat- 
tering lengths. This mass grows with increasing A albeit 
with some features near A ^ At for small negative scat- 
tering lengths. At large A we find the expected A^ be- 
haviour. 

The key result of this section is that at large A, the 
system behaves like a Galilean invariant collection of in- 



teracting rashbons. Since this regime is the raison d'etre 
of this paper, we do not pause to consider the interesting 
regime of A '-^ At which no doubt contains rich physics. 



IV. PROPERTIES OF RASHBON 
BOSE-EINSTIEN CONDENSATES (RBEC) 

That the system evolves to a collection of interacting 
rashbons with increasing A is conclusively demonstrated 
in the previous section. The rashbon dispersion derived 
in ref. [22] provides the kinetic energy of the rashbons. 
What about their interactions? Interestingly, the results 
of the previous section allow us to answer this question. 

Recall from the Bogoliubov theorjEH that a collection 
of bosons of mass tob with number density ps and a 
contact interaction described by a scattering length gb 
has a superfluid ground state at zero temperature. The 
chemical potential of this system is 



fJ-B 



and the speed of sound is 



rriB 



Pb 



t^B 
rriB 



IA-koePb 



(46) 



(47) 



From eqn. (42 1, the rashbon chemical potential p^ 
(measured from the bottom of the rashbon band at —E^) 
is 



2ttp 



V3 



(48) 
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We see immediately that the speed of sound obtained 
in eqn. (44) is consistent with eqn. 
theory 



'4-1) from 



'iubov 



R 



(49) 



This clearly demonstrates that the rashbon BEC is a con- 
densate of rashbons interacting with a contact interac- 
tion. Writing 



R\2 



(50) 



allows us to calculate the rashbon-rashbon scattering 
length as 



aR 



/2) 1 
A 



(51) 



which is approximately equal to j . This result is remark- 
able in the following sense that the effective interaction 
between rashbons is determined by a scale A that en- 
ters the kinetic energy of the constituent fermions, and 
not by the interaction between the constituent fermions 
(scattering length Os)! 

We emphasize that although our arguments used the 
spherical gauge fields, the results obtained are applicable 
to other gauge field configurations described by a gen- 
eral vector A = AA (except the extreme prolate gauge 
field which has only one nonvanishing component, see 
ref. [H]). For a generic gauge field, the rashbon chemical 
potential will be 



(52) 



where M(A) is a dimensionless number that depends on 
A, and the anisotropic speed of sound in the i-direction 
will be 



(53) 



where is the anisotropic rashbon mas^^H that de- 
pends, again, on A. The rashbon-rashbon scattering 
length will be 



a-R = 



iVjA) 
A 



(54) 



where N{\) is dimensionless number determined by A 
The low energy properties of the rashbon BEC are sim- 
ilar to those of the usual Bogoliubov Bose fluid; in fact, 
generically, RBEC is a supcrfluid of anisotropically dis- 
persing rashbons interacting with a contact potential de- 
scribed by a scattering that depends inversely on the spin 
orbit coupling strength of the fermions. It must be noted 
that accurate determination of N(\) may re quire further 
self consistent treatment of the theory.BSMl 




FIG. 4. (color online) Schematic two-body RG flow di- 
agram - The rashbon state corresponds to the stable fixed 
point i? at A = oo and v = —1. Flow from any point with 
A 7^ and v reaches R. 



V. SUMMARY 

In this paper, we explore the properties of the superflu- 
ids induced by non-Abelian gauge fields focusing on their 
collective excitations. We present results for superfluid 
phase stiffness, sound speed and Anderson-Higgs mass 
valid for any Rashba gauge field and scattering length. 
Our main results are 

• Superfluid phase stiffness has non-monotonic be- 
haviour with increasing A, the scale of the spin- 
orbit interaction. This is in agreement with an ear- 
lier report'^^ of superfluid density for the EO gauge 
field. 

• A new result is that for large gauge coupling, i e., 
in the rashbon BEC, the superfiuid phase stiffness 
is determined by the rashbon mas^^H, This arises 
from an emergent Galilean invariance at infrared 
energies for large gauge couplings, and the phase 
stiffness is consistent with Leggett's result. 

• The sound speed decreases monotonically with in- 
creasing gauge coupling. At large gauge coupling it 
goes as A~^/^. The Anderson-Higgs mass increases 
with increasing A and goes as A^ in the rashbon- 
BEC. 

• A key outcome of this work is that we show that 
the rashbon-BEC can be described as a collection of 
anisotropically dispersing rashbons interacting via 
a contact interaction. We obtain an analytical ex- 
pression for the rashbon-rashbon interaction for the 
spherical gauge held showing that it goes as A^^. 
We argue that this result is true for a generic gauge 
field (spin-orbit interaction). 

We conclude the paper by revisiting the RG fiow di- 
agram of the two body problem introduced in ref. |16) . 
Fig.|4]is a schematic RG flow diagram in the X-v plane for 
the two-particle problem. The key point is that flow from 
any point with A 7^ and v reaches R which is the 
stable rashbon fixed point corresponding to A = 00 and 
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V = —1. Indeed, the properties of the state attained by 
a finite density of fermions at large A is controlled by the 
rashbon fixed point; it is therefore a weakly interacting 
gas of rashbons - the rashbon BEC. 
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